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Abstract: Nitric oxide (NO) is a signaling molecule that
mediates several physiological processes in a range of
cell and tissue types. Here we investigated the effect of
serum deprivation in the absence or presence of phorbol
12-myristate 13-acetate (PMA) or tumor necrosis factor-a
(TNFa) on cell viability, NO formation, inducible NO syn-
thase (iNOS) induction, and activation of mitogen-acti-
vated protein kinase in neuronal PC12 cells. Within 24 h
of serum deprivation, apoptosis occurred in up to 65–
70% of the cells, and significant levels of NO were gen-
erated. When PMA was added in serum-free medium, NO
formation and cell death were decreased. In contrast,
addition of TNFa in serum-free medium increased the
levels of NO formation and apoptosis compared with
those in serum-deprived cells. We have demonstrated
that differential generation of NO levels by PMA or TNFa
under conditions of serum deprivation is mediated by the
same pattern of iNOS induction. NO formation via iNOS
induction resulted in the activation of c-Jun N-terminal
kinase (JNK) but not extracellular signal-regulated ki-
nase. From this study it is suggested that the differential
formation of cytotoxic NO by serum deprivation plus
PMA or TNFa is primarily mediated by the induction of
iNOS enzymes in neuronal PC12 cells and that its action
is mediated by the activation of JNK. Key Words: Serum
deprivation—Nitric oxide—Phorbol 12-myristate 13-ace-
tate—Tumor necrosis factor-a—Inducible nitric oxide
synthase—c-Jun N-terminal kinase.
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Neuronal cell death occurs not only during develop-
ment but also as a consequence of acute traumatic events
or chronic degenerative disorders that disturb cellular
homeostasis, such as trauma, ischemia, and aging (Op-
penheim, 1991). Like most if not all animal cells, neu-
ronal cells contain an endogenous suicide program that is
activated when specific cell numbers are to be reduced or
in response to genotoxic signals. Cell death can be trig-
gered by various intrinsic and extrinsic signals (Wyllie,
1993). Oxidative stress is involved in the induction of
neuronal death during neuron degeneration (Coyle and
Puttfarcken, 1993). Nitric oxide (NO) plays a complex
role in regulating cell viability. In primary cultured cor-

tical neurons, NO mediated glutamate toxicity (Dawson
et al., 1991), and in bovine aortic endothelial cells it
mediated the cytotoxicity of inflammatory cytokines
such as tumor necrosis factor-a (TNFa) (Estrada et al.,
1992). In contrast, under certain circumstances, NO gen-
eration prevented apoptosis in various cell types (Nico-
tera et al., 1997). Thus, the biological activities of NO
appear to be mediated by multiple effectors, and the
effect of NO on cell viability is dependent on its con-
centration, cellular redox state, and the particular cell
type.

NO is endogenously produced by NO synthase (NOS;
EC 1.14.13.39). Molecular cloning and sequencing anal-
yses revealed the existence of at least three main types of
NOS isoforms: endothelial NOS, neuronal NOS, and
inducible NOS (iNOS). Like NO, the regulatory effect of
iNOS on cell function is also controversial, particularly
the effect on cell viability.

TNFa is a multifunctional cytokine involved in in-
flammation, cell growth, and apoptosis (Wallach, 1997).
The pleiotropic effects of TNFa are mediated through
cell surface receptors. Some of the known signal trans-
duction pathways of TNFa include coupling to G pro-
teins, activation of phospholipase A2, calcium mobiliza-
tion, and ceramide production. In addition to the above
messengers, reactive oxygen species have recently been
recognized as acting as signaling intermediates for cyto-
kines, including TNFa (Aggarwal and Natarajan, 1996).
Although the activation of protein kinase C (PKC) by
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phorbol 12-myristate 13-acetate (PMA) is generally
thought to induce cell death mediated by increased pro-
duction of NO, there are many contrasting reports in
many different systems.

The mitogen-activated protein (MAP) kinase signaling
pathway mediates various biological events, including
mitogenesis, differentiation, and cell death. The mam-
malian MAP kinase family includes extracellular signal-
regulated kinase (ERK), c-Jun N-terminal kinase (JNK),
and p38 kinase (Robinson and Cobb, 1997). ERKs are
activated in response to mitogens such as peptide growth
factors. JNK is activated in response to various cellular
stresses, including DNA damage, heat shock, or proin-
flammatory cytokines, such as TNFa and interleukin
1-b. Similar to JNK, p38 kinase is also activated in
response to various stresses. It was recently shown that
TNFa induces JNK activity and c-Jun expression (Lo et
al., 1996) and that NO stimulates JNK activity (Kim et
al., 1997).

Rat pheochromocytoma (PC12) cells constitute a use-
ful model for studying the mechanism of neuronal cell
death and its prevention. Serum deprivation-induced cell
death is an in vitro model of massive neuronal death
during development (Rukenstein et al., 1991). In the
present study, we investigated the effect of serum depri-
vation in the presence of PMA or TNFa on NO forma-
tion, cell viability, iNOS induction, and the activation of
the MAP kinase pathway in PC12 cells. The effect of NO
on cell death and the MAP kinase signaling pathways
may elucidate a molecular mechanism by which NO
exerts its physiological functions in target cells.

EXPERIMENTAL PROCEDURES

Cell culture
PC12 cells were cultured in Dulbecco’s modified Eagle’s

medium (DMEM) supplemented with 5% heat-inactivated fetal
bovine serum and 5% horse serum. To assess cell viability after
serum deprivation and treatment with PMA, TNFa, NO donor,
or iNOS inhibitor, PC12 cells were plated on 24-well (2-cm2)
plates. To provide a serum-free environment, the cells were
washed two times with serum-free DMEM and then placed in
fresh serum-free medium for the indicated time. Protein con-
centrations were determined using a protein assay kit from
Bio-Rad (Hercules, CA, U.S.A.) as described in the manufac-
turer’s protocol.

Cell death assessment
Cell death was quantified either by the trypan blue staining

method or by measuring the amount of lactate dehydrogenase
(LDH) released from membrane-damaged cells. To count
trypan blue-excluding viable cells, cells were removed from the
culture plate by trypsin, and the supernatant was removed by
brief centrifugation (1,000g for 5 min). The cell pellets were
resuspended in 100ml of phosphate-buffered saline and 100ml
of trypan blue solution (0.8% trypan blue, 0.81% NaCl, and
0.06% K2HPO4). Live cells were counted using a hemacytom-
eter. LDH assessment was performed to measure the amount of
LDH released into media for 24 h from serum-deprived or
drug-treated cells, relative to total LDH content measured after
cells were completely destroyed by 1% Triton X-100. LDH
released from cells was reacted with pyruvic acid andb-nico-

tinamide adenine dinucleotide (reduced form), and the reaction
was measured spectrophotometrically at 340 nm.

Analysis of annexin V-FITC binding
Approximately 5 3 105 cells per experimental condition

were harvested, washed with phosphate-buffered saline, and
resuspended in 150ml of HEPES buffer [10 mM sodium
HEPES (pH 7.4), 150 mM NaCl, 5 mM KCl, 1 mM MgCl2, and
1.8 mM CaCl2]. Cells were incubated for 15 min at 37°C in the
presence of 2mg/ml annexin V-FITC (Boehringer Mannheim),
washed twice with HEPES buffer, and resuspended with 400ml
of the same buffer. To distinguish the cells that had lost
membrane integrity, propidium iodide was added to a final
concentration of 50mg/ml before flow cytometry analysis.

DNA fragmentation
Approximately 23 106 cells from each experimental con-

dition were lysed by incubation in 10 mM Tris-HCl (pH 7.5), 1
mM EDTA, and 0.2% Triton X-100 for 30 min at 4°C. Cell
organelles were removed by centrifugation at 12,000g for 20
min, and the fragmented DNA present in the supernatant was
ethanol-precipitated and resuspended in 50ml of 10 mM Tris-
HCl (pH 8.0) and 1 mM EDTA. Aliquots (10ml) were analyzed
by electrophoresis on 1.2% agarose gels.

Nitrite content measurement
Nitrite was quantified by the Griess reaction (Follett and

Ratcliff, 1963). HCl (4M ) was added to the supernatant for 10
min, and then 2 mg/ml sulfanilic acid and 1 mg/mlN-(1-
naphthyl)ethylenediamine were added. After incubation for 30
min, absorbance was measured in a spectrophotometer at a
wavelength of 550 nm. Absorbance of a sample was compared
with that of standard sodium nitrite solutions.

Identification of iNOS mRNA by RT-PCR
Total RNA was isolated from PC12 cells using guanidinium

isothiocyanate as described elsewhere (Chomczynski and Sac-
chi, 1987). First-strand cDNA was reverse-transcribed from 2
mg of total RNA in a total volume of 10ml with 200 units of
Moloney murine leukemia virus reverse transcriptase (Gibco-
BRL) at 37°C for 60 min. PCR primers were designed based on
the rat aortic endothelial iNOS cDNA sequence (Iwashina et
al., 1996). The sense primer was 59-AAA TCC AGA TAA
GTG ACA-39, and the antisense primer was 59-TGA ACG
TCC AGG TTT AGA-39. To test the efficacy of reverse tran-
scription, RT-PCR was performed forb-actin mRNA. All PCR
procedures were carried out in a total volume of 50ml con-
taining 10 mM Tris-HCl (pH 8.3), 50 mM KCl, 200 mM each
deoxynucleotide triphosphate, 1.5 mM MgCl2, and 1.25 U of
Taq polymerase (Perkin-Elmer) with the following PCR con-
ditions: 30 cycles of 1 min at 94°C (denaturation), 2 min of
57°C (annealing), and 3 min of 72°C (extension).

Western blot analysis with anti-ERK or -JNK1
antibody

Cells were solubilized with lysis buffer A containing 20 mM
Tris (pH 7.9), 137 mM NaCl, 5 mM Na2EDTA, 10% glycerol,
1.0% Triton X-100, 0.2 mM phenylmethylsulfonyl fluoride, 1
mg/ml aprotinin, 20mM leupeptin, 1 mM Na3VO4, 1 mM
EGTA, 10 mM NaF, 1 mM tetrasodium pyrophosphate, and 1
mM b-glycerophosphate. Then cell extracts were resolved by
sodium dodecyl sulfate–polyacrylamide gel electrophoresis
(12.5% gel) and transferred to a nitrocellulose membrane. After
blocking, the membranes were incubated with an ERK2-spe-
cific monoclonal antibody (Santa Cruz) or JNK1-specific poly-
clonal antibody (Santa Cruz) according to the manufacturer’s
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protocol. The membrane was then incubated with a peroxidase-
conjugated secondary antibody, and the bands were visualized
by enhanced chemiluminescence (ECL; Amersham, Bucking-
hamshire, U.K.).

Protein kinase assay for JNK and ERK
Confluent cells were harvested and lysed using buffer A.

Cell lysates were subjected to centrifugation at 12,000g for 10
min at 4°C. The soluble fraction was incubated for 1 h at 4°C
with antibodies against JNK1 and ERK2. After addition of
protein A-Sepharose beads (Pharmacia, Uppsala, Sweden), the
reaction mixture was incubated for 1 h at 4°C andthen rinsed
with buffer A three times and 20 mM HEPES (pH 7.4) two
times. Immunocomplex kinase assays were performed by in-
cubating the immunopellets for 30 min at 30°C with appropri-
ate substrate proteins in the reaction buffer containing 0.2 mM
sodium orthovanadate, 2 mM dithiothreitol, 10 mM MgCl2, 2
mCi of [g-32P]ATP, and 20 mM HEPES, pH 7.4. The reaction
was terminated by adding polyacrylamide gel electrophoresis
sample loading buffer and heating the solution in boiling water
for 3 min. The reaction mixture was subjected to electrophore-
sis on a 12.5% acrylamide gel. The phosphorylated substrates
were visualized by autoradiography. Myelin basic protein (San-
ta Cruz) and glutathioneS-transferase (GST)–c-Jun (kindly
provided by Dr. P. Angel) were used as the substrate for ERK
and JNK, respectively. GST–c-Jun was prepared with a GST
purification module (Pharmacia) according to the manufactur-
er’s protocol.

RESULTS

Serum deprivation of PC12 cells triggered
cell death

When serum was removed from PC12 cells for up to
72 h,,10% of the total cells survived, and within 24 h
the relative cell viability was decreased by 65–70%, as
measured by the trypan blue staining method (Fig. 1).
When we quantified LDH released from membrane-dam-
aged PC12 cells to assess cell death, a similar level of
cell death was observed after serum deprivation for 24 h
(data not shown). In contrast, when regular serum in-
cluding 5% fetal bovine serum plus 5% horse serum was

present, LDH level measurements showed that percent-
age of cell death by 24 h was,5% (data not shown).
This value is in part due to the LDH originally present in
the serum irrespective of cell membrane destruction.

Differential generation of cytotoxic NO by serum
deprivation plus TNFa or PMA

When PMA in the range of 3–300 ng/ml was added to
serum-deprived media, the cell death fraction was de-
creased in a dose-dependent manner, reaching a 50%
increase in cell viability at 300 ng/ml concentration (Fig.
2A). However, when 1–30 ng/ml TNFa was added to
serum-deprived media, the relative amount of cell death
in PC12 cells was increased by 60–70%, compared with
that of only serum-starved control cells (Fig. 2B).

To check the generation of reactive NO molecules
during these treatments, we measured the formation of
nitrite (NO2

2), a stable breakdown product of NO (Table
1). PC12 cells grown in regular 5% horse serum and 5%
fetal bovine serum generated very little nitrite, close to a
background level. In contrast, treatment of PC12 cells
with serum-free DMEM caused persistent NO generation
for 24 h that reached up to;2.0 nmol per 105 cells at
24 h, indicating NO generated by serum deprivation has
a cytotoxic effect on neuronal PC12 cells. When 30
ng/ml TNFa was added in the serum-free medium for
24 h, nitrite formation was increased by;55% compared

FIG. 2. Effect of addition of PMA or TNFa on serum-deprived
cell death of PC12 cells. PC12 cells were cultured in serum-free
medium for 24 h containing various concentrations of (A) PMA or
(B) TNFa. Cell death was measured by the LDH method as
described in Experimental Procedures. The cell death of PC12
cells under serum-free medium for 24 h is defined as 100%
(control). Data are mean 6 SD (bars) values (n 5 3).

FIG. 1. Induction of cell death in PC12 cells by serum depriva-
tion. PC12 cells were cultured for the indicated time in serum-
free DMEM. The assay to measure cell viability was done by
counting cells that exclude trypan blue as described in Experi-
mental Procedures. Viability of the cells in regular-serum me-
dium is defined as 100%. Data are mean 6 SD (bars) values (n
5 3).
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with that of serum-deprived control cells. When 300
ng/ml PMA was added in serum-free medium for 24 h,
NO formation was decreased to;46%. These data sug-
gest that differential cytotoxic NO formation by serum
deprivation in the absence or presence of the cytokine
TNFa or the tumor promoter PMA is causing differential
levels of cell death in neuronal PC12 cells.

Although treatment with PMA alone in regular serum
medium did not produce any significant levels of nitrite
and cell death, addition of TNFa to serum-containing
medium caused similar levels of NO formation and cell
death as in serum-deprived cells, suggesting that the
effect of TNFa and serum deprivation might be additive
(Table 2). When the iNOS-selective inhibitor aminogua-
nidine (AG) was added to serum-deprived media with
TNFa, it partially blocked the cell death effect of serum
deprivation plus TNFa. We also observed that addition
of AG significantly inhibited nitrite formation (Table 2),
suggesting that NO formation by serum deprivation is
primarily mediated by the iNOS enzyme activity. NO
donors, such as sodium nitroprusside (SNP) andS-ni-
troso-N-acetylpenicillamine (SNAP), were added to se-
rum-deprived media to examine the effect of NO on
PC12 cell death induced by serum deprivation (Table 2).
As expected, treatment with SNP or SNAP for 24 h
increased nitrite formation;2.4-fold and also increased
the cell death effect by serum deprivation in a dose-
dependent manner, from 10 up to 100mM concentration.
These data clearly showed that NO generated from se-
rum-deprived PC12 cells has a cytotoxic effect.

Induction of apoptosis of PC12 cells with serum
deprivation

To distinguish whether differential NO formation in
PC12 cells induced by serum deprivation in the absence
or presence of TNFa or PMA caused cell death by a
necrotic or apoptotic process, we performed experiments
to measure the formation of DNA laddering and annexin
V staining in PC12 cells after treatment with serum-free
DMEM in the presence of TNFa. The induction of
apoptosis by serum deprivation plus TNFa was sug-
gested by the internucleosomal degradation that gave rise
to the DNA laddering pattern, characteristic of some

apoptotic processes (Fig. 3A). In addition, we observed
the appearance of a population of cells with increased
annexin V binding, an indication of the exposure of
negatively charged phospholipids to the outer surface of
the plasma membrane (Fig. 3B). This cell population
maintained a low (close to background) staining with
propidium iodide, which is indicative of membrane in-
tegrity, and therefore represents early apoptotic cells.
Relatively less formation of DNA laddering and annexin
V staining in PC12 cells treated with serum deprivation
alone or in the presence of PMA was also observed (data
not shown).

Mediation of NO synthesis by induced iNOS during
serum deprivation

To confirm that the iNOS enzyme is responsible for
NO formation during the apoptotic process, we measured
the induction of iNOS enzymes in PC12 cells under
conditions of serum deprivation in the absence or pres-
ence of TNFa or PMA (Fig. 4). When we changed the
serum-containing DMEM to serum-free medium, there
was a significant induction of iNOS mRNA as identified
by RT-PCR. When 30 ng/ml TNFa or 300 ng/ml PMA
was added to serum-deprived media, there was an in-
crease or a decrease of induced iNOS mRNA levels,
respectively. The differential induction of iNOS mRNA
levels correlates with the cell death or protection pattern
observed on addition of these two agents to serum-
deprived PC12 cells. This finding suggests that the for-
mation of cytotoxic NO is primarily mediated by induc-
tion of the iNOS enzyme and that the differential cell

TABLE 2. Effect of NO donor and iNOS inhibitor on nitrite
formation and cell death induced by serum deprivation in

PC12 cells

Treatment
Cell death

(%)
Nitrite formation

(nmol/1 3 105 cells)

SD 100 1.976 0.23
SD 1 TNFa 1596 3.0 3.246 0.16
SD 1 TNFa

1 AG (10 mM ) 1186 4.6 2.136 0.08
1 AG (100 mM ) 866 5.9 1.466 0.12

SD
1 SNP (10mM ) 1366 2.6 2.866 0.25
1 SNP (100mM ) 2186 13.8 4.246 0.64
1 SNAP (10mM) 1256 8.5 2.346 0.18
1 SNAP (100mM) 2246 11.6 4.396 0.47

TNFa (30 ng/ml) 896 11.4 2.246 0.31
SNP (100mM ) 976 12.9 2.426 0.45
SNAP (100mM ) 1086 6.1 1.866 0.39
PMA (300 ng/ml) 15.46 1.2 0.366 0.16
SNP1 PMA 466 8.2 0.866 0.27
SNAP 1 PMA 386 5.5 1.146 0.12

After a 1-h addition of 30 ng/ml TNFa in serum-free medium, 10 or
100 mM iNOS inhibitor, AG, was added and incubated for 24 h. The
NO donors SNP and SNAP (10 or 100mM ) were incubated in serum-
free medium for 24 h. To test the effect of TNFa, SNP, SNAP, or PMA
in regular serum media, each reagent was added to PC12 cells in
medium containing DMEM with 5% horse serum and 5% fetal bovine
serum for 24 h, and cell death and nitrite formation were measured as
described in Fig. 2 and Table 1. Data are mean6 SD values (n5 3–4).

TABLE 1. Generation of NO by serum deprivation in the
absence or presence of PMA or TNFa

Treatment Nitrite formation (nmol/13 105 cells)

Serum 0.086 0.05
SD 2.006 0.17
SD 1 PMA 1.086 0.32
SD 1 TNFa 3.096 0.06

PC12 cells were incubated in DMEM supplemented with 5% heat-
inactivated fetal bovine serum and 5% horse serum (Serum) or serum-
free DMEM for 24 h in the absence (SD) or presence of 30 ng/ml
TNFa (SD 1 TNFa) or 300 ng/ml PMA (SD1 PMA). The amount of
nitrite in the supernatant was determined using the Griess method as
described in Experimental Procedures. Data are mean6 SD values (n
5 3).
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death effect of NO by TNFa and the cell-protective
effect of PMA in serum-deprived PC12 cells are medi-
ated by the differential induction of iNOS enzymes.

Cytotoxic NO stimulates JNK activity
To clarify the downstream signaling cascades of cy-

totoxic NO generated by serum deprivation in the ab-
sence or presence of TNFa or PMA, we measured the
activity of endogenous ERK and JNK by an in-gel kinase
assay using myelin basic protein as the ERK substrate
and GST–c-Jun as the JNK substrate. As shown in Fig.
5A, JNK activity is markedly increased after removal of
serum from PC12 cells. Furthermore, addition of TNFa
to serum-deprived media significantly increased JNK

activity, whereas addition of PMA to serum-deprived
media decreased JNK activity. The enhanced JNK activ-
ity induced by TNFa in serum-deprived media was in-
hibited significantly by coaddition of the iNOS inhibitor
AG (Fig. 5B), consistent with a role for JNK in cytotoxic
NO-mediated apoptosis. Addition of TNFa, SNP, or
SNAP to the regular serum-containing medium also
stimulated JNK1 activity compared with the control sam-
ple. As a control for protein loading, we measured the
amount of nonactivated JNK1 enzyme using anti-JNK1
antibody. In all samples, JNK1 enzymes were present at
the same levels. When we measured the activation of
ERK using myelin basic protein as substrate, we did not
observe any activation by serum deprivation or differen-
tial activation of ERK by addition of TNFa or PMA,
respectively (data not shown).

DISCUSSION

Recently many lines of evidence have implicated NO
as a major synaptic signaling agent in the nervous system
(Schmidt and Walter, 1994). Apart from this role under
physiological conditions, NO plays a complex role in
regulating cell viability. Depending on the NO concen-
tration, necrosis or apoptosis could be induced by NO.
NO production has been implicated in neuronal injury
after ischemia and trauma and in numerous neurodegen-
erative disorders (Beckman, 1996; Nicotera et al., 1997).
NO appears to mediate neuronal death when produced in
excess. For instance, during cerebral ischemia, excessive
glutamate release leads to overstimulation of NMDA
receptors, which in turn causes Ca21 influx and activa-
tion of the Ca21-dependent NOS (Garthwaite, 1991).
The mechanism by which excessive NO leads to neuro-
nal cell death is unclear but could include direct activa-
tion or inhibition of signaling or metabolic pathways.

In contrast, NO has also been reported to be cytopro-
tective in certain circumstances. For instance, NO donors

FIG. 3. Induction of apoptosis of PC12 cells treated
with serum deprivation plus TNFa. A: Effect of se-
rum deprivation plus TNFa on the formation of DNA
laddering. PC12 cells were cultured in the presence
of 30 ng/ml TNFa. After the indicated time, cells
were harvested, and fragmented DNA was analyzed
on agarose gels as described in Experimental Pro-
cedures. The marker lane (M) contains a 123-bp
DNA ladder standard. B: Binding of annexin V-FITC
to PC12 cells treated with TNFa in serum-deprived
medium versus loss of plasma membrane integrity,
as assessed by propidium iodide uptake. After the
indicated treatment interval with 30 ng/ml TNFa se-
rum-deprived medium, binding of annexin V-FITC
and uptake of propidium iodide were assayed as
described in Experimental Procedures. Insets: The
proportion of cells within each quadrant. Results
shown are representative of three independent ex-
periments. Cont., control (no treatment).

FIG. 4. Differential induction of iNOS mRNA levels by treatment
in serum-deprived medium with PMA or TNFa in PC12 cells.
RT-PCR analysis was performed on RNA isolated from cultured
PC12 cells after no treatment (referred to Cont.) or following
serum deprivation in the absence (SD) or presence of 30 ng/ml
TNFa (SD 1 TNFa) or 300 ng/ml PMA (SD 1 PMA) for 24 h at
37°C. RT and PCR were carried out as described in Experimental
Procedures. Top Panel: A 389-bp iNOS PCR product was de-
tected. Bottom panel: A 627-bp b-actin fragment was detected
by RT-PCR as a control for equal RNA loading.
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and the NO precursor (L-arginine) are cytoprotective in a
model of myocardial ischemia–reperfusion (Siegfried et
al., 1992). Very recent studies have revealed that NO
inhibits apoptosis of human B lymphocytes caused by
Epstein–Barr virus reactivation (Mannick et al., 1994) as
well as the death of cytokine-deprived human eosino-
phils (Beauvais et al., 1995). NO also had a protective
role in damage caused by reactive oxygen species. Thus,
it has been discussed that the NO effect on cell viability
is dependent on its concentration, cellular redox state,
cell types, and interacting cell regulatory mechanisms.

The dual effects of NO with regard to cytotoxicity and
cytoprotection have led us to examine its actions in a
well-characterized neuronal model, the rat pheochromo-
cytoma PC12 cell line, in which cell death is initiated by
withdrawal of trophic support. Previously, we reported
that TNFa and PMA had a protective effect on cell death
induced by serum deprivation in bovine endothelial cells
and that this protection was related to NF-kB activation
(Ahn et al., 1996; Kim and Ahn, 1997). iNOS is one of

the molecules for which transcription is regulated mainly
by NF-kB. To verify the cytotoxic or cytoprotective
effect of NO via the induction of iNOS and to elucidate
its downstream signaling cascades such as the activation
of MAP kinases, we investigated the effect of NO for-
mation by serum deprivation in the absence or presence
of TNFa or PMA in neuronal PC12 cells. In contrast to
its cytoprotective role in endothelial cells, cytotoxic NO
was generated in serum-deprived PC12 cells, and it pro-
moted cell death. Both studies implied that the effect of
NO on cell viability is largely dependent on the specific
cell type.

Addition of TNFa, which causes the stimulation of
iNOS induction, potentiated PC12 cell death induced by
serum deprivation. Increased expression of iNOS levels
was confirmed by RT-PCR, and increased NO levels
were measured indirectly by nitrite measurement. How-
ever, addition of the tumor promoter PMA decreased cell
death induced by serum deprivation, and it caused less
activation of iNOS and less production of NO, compared
with that in serum-deprived control cells. This finding
suggested that, in contrast to the cytokine TNFa, the
PMA-stimulated PKC pathway negatively regulates cy-
totoxic NO formation in serum-starved PC12 cells. Like
NO, both cytoprotective and cytotoxic effects have been
reported for TNFa. The possibility is discussed that the
role of TNFa in cell viability is determined on the
signaling pathway predominantly regulated by it and the
type of cell used. Although many TNFa-related receptor
families and pathways have been elucidated, the effect of
TNFa on cell viability has not yet been clearly demon-
strated.

The tumor promoter PMA was also shown to have a
dual effect on cell death, causing increases as well as
decreases in NO formation, iNOS induction, and NO-
mediated cell death, depending on the cell type. For
example, apoptosis induced by the NO donor SNAP was
prevented by the PKC inhibitors calphostin C and H-7
and was potentiated by the PKC activator PMA in
smooth muscle cells (Nishio and Watanabe, 1997). In
mixed neuronal/glial cultures, activation of PKC by
PMA increased lipopolysaccharide-induced NO and in-
creased lipopolysaccharide-induced dopaminergic neu-
rotoxicity (McMillian et al., 1997). This result indicated
that NO donor-induced apoptosis is modulated by PKC.
However, in vascular smooth muscle cells, PKC activa-
tion inhibits cytokine-induced NO synthesis (Geng et al.,
1994). Also, PKC was shown to inhibit the activity of
NOS in dispersed gastric muscle cells (Murthy et al.,
1994).

When the selective iNOS inhibitor AG was used, the
cytotoxic effect of TNFa was partially blocked, suggest-
ing that iNOS expression is involved in the formation of
NO and the control of NO-mediated cell death. Exog-
enously added NO donors (SNP and SNAP) also poten-
tiated the cell death induced by serum deprivation. These
results clearly showed that formation of NO can mediate
cell death effects induced by serum deprivation in neu-
ronal PC12 cells and that iNOS is one of the possible

FIG. 5. Differential activation of JNK activities by serum depri-
vation plus PMA or TNFa. A: Confluent PC12 cells were exposed
to DMEM containing 5% fetal bovine serum and 5% horse
serum (Cont.) or to serum-free medium in the absence (SD) or
presence of 30 ng/ml TNFa (SD 1 TNFa) or 300 ng/ml PMA (SD
1 PMA) for 24 h at 37°C. Cells were harvested and lysed using
buffer A. JNK1 was isolated by immunoprecipitation using anti-
JNK1 antibody, and the catalytic activities of JNK1 in the immu-
nopellets were assayed for phosphorylation of GST–c-Jun as
described in Experimental Procedures. As a control for equal
protein loading, nonphosphorylated JNK1 levels were measured
by western analysis as described in Experimental Procedures.
The reaction mixtures were analyzed by polyacrylamide gel elec-
trophoresis on a 12.5% polyacrylamide gel and by autoradiog-
raphy. B: Activation of JNK by addition of an NO donor or TNFa
and inhibition of serum deprivation-induced JNK activation by an
iNOS inhibitor. PC12 cells were exposed to serum deprivation in
the absence (SD) or presence of 30 ng/ml TNFa (SD 1 TNFa) or
plus 100 mM AG (SD 1 TNFa 1 AG). To test the effect of 30
ng/ml TNFa, 100 mM SNP, or 100 mM SNAP, each reagent was
added into PC12 cells containing regular serum DMEM, and JNK
activity was measured after 24 h.
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target molecules by which TNFa and PMA exert their
cytotoxic or cytoprotective effects.

Knowing that iNOS is present ubiquitously in various
cell types, much attention has recently been focused on
the potential function of this highly reactive molecule.
However, the regulatory effect of this molecule on cell
function is still in question. In particular, the effect of
iNOS on cell viability is quite controversial. Among the
three NOS isoforms, endothelial NOS, neuronal NOS,
and iNOS, only the activation of iNOS is regulated
mainly at the transcriptional level. As NF-kB is known to
have a crucial role in transcriptional regulation of iNOS
(Xie et al., 1994), the NO-mediated cell death effect
could be mediated by the activation of NF-kB as an
upstream target of iNOS induction.

The mechanism of NO-induced cell death is not clear,
although DNA damage and activation of poly(ADP-
ribose) synthase have been proposed as a mechanism for
NO-induced neuronal death (Zhang et al., 1994). For the
downstream signal transduction pathway of NO, it was
recently shown that NO stimulates JNK activity through
activation of JNK kinase in HEK293 cells (Kim et al.,
1997). Our present study also showed that the differential
formation of cytotoxic NO via iNOS induction by serum
deprivation plus PMA or TNFa is associated with the
activation of JNK but not ERK in neuronal PC12 cells.
JNK plays a critical role in the regulation of cell death in
various cell systems. The regulation of NO by the induc-
tion of iNOS may be important for better understanding
the mechanism by which NO exerts diverse functions in
normal physiological events and pathological states.
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